The various changes of sexuality, including decreased sexual desire and erectile dysfunction, are also accompanied with aging. To understand the effect of aging on sexuality, we explored the relationship between age and the visual erotic stimulation-related brain response in sexually active male subjects. Twelve healthy, heterosexual male subjects (age 22-47 years) were recorded the functional magnetic resonance imaging (fMRI) signals of their brain activation elicited by passive viewing erotic (ERO), happy-faced (HA) couple, food and nature pictures. Mixed effect analysis and correlation analysis were performed to investigate the relationship between the age and the change of brain activity elicited by erotic stimuli. Our results showed age was positively correlated with the activation of right occipital fusiform gyrus and amygdala, and negatively correlated with the activation of right insula and inferior frontal gyrus. These findings suggest age might be related with functional decline in brain regions being involved in both interoceptive sensation and prefrontal modulation while it is related with the incremental activity of the brain region for early processing of visual emotional stimuli in sexually healthy men.
Introduction
Aging is a natural process that is associated with a multidimensional array of physical, psychological and social changes in humans. 1, 2 Elderly people can experience various sexual problems, for example, decreased sexual desire and arousal and erectile dysfunction. 3, 4 Approximately 10-25% of men over 35 years of age have erectile dysfunction, and after the age of 70 years, this proportion reaches 75%. 5 Previous reports 5, 6 have suggested that the decline in sexual function, even within the normal range, may start in the mid 30s or younger and progress over time. Thus, the decline in sexual function looks like an aging process, which might be started at least in the mid 30s.
In a functional magnetic resonance imaging (fMRI) study that used erotic visual stimuli, the thalamus and hypothalamus were activated in young, but not middle-aged male subjects, 7 suggesting that the aging process in middle-aged men occurs in certain brain regions and is related to lower physiological arousal in response to erotic visual stimuli. 8 Although the evidences of the age-related decline in the function of penis, little has been reported about the agerelated change in central nervous system in young healthy male subjects. Thus, to understand the age-related changes in sexual interest or function at brain level, the relationship between age and the brain response to sexual stimuli should be explored in sexually healthy adults. Here, we explored the relationship between age and visual erotic stimulationrelated brain response in sexually active young male subjects.
Materials and methods

Subjects
Enrollment for healthy heterosexual male subjects was advertised through a message board at Eulji University Hospital, Daejeon, Korea. All applicants were asked about their sexual activities and sexual function, including erection and ejaculation, within the previous week. Twenty-one heterosexual male subjects without any sexual dysfunction (mean age ¼ 31.8 ± 8.5 years; range, 22-58 years) were enrolled in this study. Subjects were interviewed by a psychiatrist using DSM-IV criteria to exclude any possible psychiatric diseases. None of the subjects had Axis-I psychiatric disorders, including sexual related or eating disorders. This study was approved by the institutional review board of Eulji University Hospital. All subjects gave written informed consent before participation in the study. Subjects were asked to abstain from masturbation or sexual intercourse for one day before the fMRI. On the day of the fMRI, subjects were asked about their sexual activities and sexual function including sexual desire, ability to have an erection, maintenance of an erection for purposes of intercourse and ejaculation failure within the previous week. All subjects answered in the negative to the questions about both the problems maintaining an erection ('If you were able to have an erection, could you maintain it as long as necessary to have intercourse?') and ejaculation failure ('Did you experience any difficulty with ejaculation?'). In terms of sexual desire at baseline, 12 subjects thought about sex more than twice per week, seven did so at least once per day, and two several times per day. Regarding their ability to have an erection, 16 subjects checked 'always able to achieve,' three checked 'able to achieve most of the time,' and two checked 'able to achieve much of the time.'
The experimental paradigm: pictures of nature, food, smiling or erotic couples Pictures of naked, sexually contacting couples were presented under the erotic-couple condition (ERO). To control for male-female couple context, pictures of smiling, happy-faced couples (HA) in non-erotic contexts were added. To exclude a sexually nonspecific effect in the relationship between erotic stimuli effect and age, sexually neutral conditions involving pictures of nature (tree, stones, flowers and shrubs) and food (ice cream, oriental noodles, chocolate and spaghetti) were presented to record brain activity due to appetite. All pictures of both the erotic couple and nature were selected from the International Affective Picture System (IAPS). 9 Some pictures of both happy-faced couples and food were selected from IAPS, and some were produced by us. Our previous study showed pictures of ERO or food conditions that evoked moderate sexual arousal or food craving, respectively, and we found no difference in intensity between ERO and food conditions. 10 The experimental paradigm is shown in Figure 1 and is explained in detail in the Supplementary information (SI-1).
The intensity of subjective feelings for pictures and the relationship with age and scan time After the fMRI, each subject was asked to measure both the intensity of his subjective sexual desire for the erotic pictures and that of food cravings for the food pictures using an 8-point Likert scale (1-8, with 8 indicating the highest desire). The intensity of the subjective feelings for each conditioned picture was analyzed using two-factor analysis of variance and its relationship with age or scan time using Spearman's correlation analysis.
Acquisition and preprocessing of fMRI data A total of 255 EPI volumes of blood oxygen leveldependent responses were collected every 2.4 s using the 3.0-T whole-body MRI Echospeed system (ISOL, Korea) and were preprocessed (skull stripping, realignment, slice timing, smoothing and normalization) with the FMRI Expert Analysis Tool from FSL software. Both acquisition and preprocessing methods are described in detail in the Supplementary information (SI-2).
Statistical analyses for the preprocessed fMR data Activation maps for the contrasts, including food vs nature and ERO vs HA, were constructed separately for each subject using general linear modeling. The resulting Z-statistic image for each subject was entered into a mixed effect analysis for the group level. A correlation analysis was performed between age and the parameter estimate corresponding to the Nature Food Happy-faced Erotic-couple Fixation Blocks (24s) Figure 1 Experimental paradigm. Each condition consisted of three blocks. Fixation block followed each conditioned block. Four pictures were presented in each conditioned block and each picture was shown for 6 s. Subjects were required to see pictures passively.
Relationship between age and sexual brain Y Seo et al percent change in brain activity for the contrast of ERO vs HA or that of food vs nature. Both scan time and marital status were added to the model as covariates to control their effects on the subjective drive feeling. We defined the statistical significance for correcting multiple comparisons at the level of clusters, which consisted of voxels with Z-values above 2.3 with a spatial extent of at least 10 voxels. The slope of the simple linear regression was calculated as a function of increasing age in the regions of interest that may have shown a significant correlation between age and brain activity to contrast ERO vs HA.
Results
The results of the analysis of the intensity of subjective feelings to pictures presented and its relationship with age and scan time The subjective sexual desire scores for the erotic pictures and for the smiling couple pictures were 4. Correlation between brain activity and age Within areas activated under the ERO and HA conditions, regions positively correlated with age included the right occipital fusiform gyrus and the right amygdala, whereas those negatively correlated with age were the right insula and right inferior frontal gyrus ( Figure 2 and Table 1 ). The correlation analysis showed no significant relationship between age and the brain signal change when contrasting the food and nature conditions. The correlation analysis also showed no significant association between scan time and brain signal change or any contrast. For each year increase in age, the brain activation contrasting ERO vs HA decreased 1.58 and 0.92% in the right inferior frontal gyrus and insula, respectively, whereas it increased 1.20 and 1.74% in the right amygdala and fusiform gyrus, respectively.
Discussion
Our study was designed to investigate the relationship between age and brain response to visual erotic Relationship between age and sexual brain Y Seo et al stimuli in sexually active male subjects using fMRI. We found that age was negatively correlated with erotic stimulation-related brain activity in the right inferior frontal gyrus and insula, as well as positively correlated with the right occipital fusiform gyrus and the amygdala. Our correlation analysis results suggest that the aging effect on sexual function, but not on food craving, may occur in specific brain regions or components, even in sexually healthy men.
Our results with regard to erotic stimuli-specific activation were consistent with results of similar studies, and this activation may include each component of the neurobehavioral model of brain processes related to sexual arousal. 7, [11] [12] [13] The activation of the middle and inferior frontal and precentral gyri, temporo-occipital regions including the fusiform gyrus and precuneus and cerebellum is associated with a cognitive component, whereas activation of the amygdala, thalamus are included in the emotional component. Both the caudal part of the anterior cingulate gyrus and the caudate are associated with the motivational component. The nucleus accumbens, hypothalamus, insula and rostral part of the anterior cingulate gyrus are associated with the autonomic component. Penile tumescence was not measured in this study. Therefore, the occurrence of penile erection could be a confounding factor. An fMRI study showed that the development of low levels of penile tumescence was related to brain regions that included the right medial prefrontal cortex, right and left orbitofrontal cortices, insula, paracentral lobules, right ventral lateral thalamic nucleus, right anterior cingulate cortex and regions involved in motor imagery and motor preparation. 14 The regions related to penile erection overlapped with the activated areas showing a contrast between the ERO and HA conditions in this study (see Supplementary information SI-3 and SI-4).
Several studies have suggested that the insula is involved in interoceptive awareness, such as pain, heartbeat, penile stimulation and body self-awareness, 15 including the feeling of agency 16 and body ownership. 17 In recent imaging studies, the insula was involved in various emotional feelings including empathy, sexual arousal, anger, fear, disgust and happiness. 18, 19 One study showed that insular activity was reduced when sexual desire was reduced in women. 20 From this view, our results showing a negative correlation between age and right insular brain activity suggest that getting older may make men, even those who are still young and sexually active, feel their interoceptive sexual sensation less.
Although the medial prefrontal regions may modulate amygdalar activity in an anxiety model, 21 several reports have indicated that the inferior frontal gyrus is also involved in inhibiting responses to emotional processes. 22 Imaging studies of visual erotic stimuli have found that activation of this area is related to the inhibition of the sexual arousal response. 11, 23 In a previous fMRI study, women with hypoactive sexual desire disorder revealed greater activation in the right inferior frontal gyrus than did women without a history of sexual dysfunction. 24 That study suggested that the right inferior frontal gyrus is related to the inhibition of emotional response to erotic stimuli. Therefore, our negative correlation of age with right inferior frontal activity suggests that getting older results in a decrement in the prefrontal inhibition, which could result in an increment in the amygdalar response to emotional stimuli. It might still be necessary to explore the possible gender differences in the function of the right inferior frontal gyrus in sexual information in healthy people.
Our correlation analysis showed a positive relationship between age and the right occipital fusiform gyrus and right amygdala. The occipital fusiform gyrus participates in visual processing, 18, 25 and the amygdala is involved in modulating the visual processing of highly arousing emotional stimuli. 23, 26 No correlation was found between brain activity and age under the food craving condition. Thus, we believe our correlation analyses results are associated with the aging process with respect to sexual function and not with other drives such as food craving. Cluster size is the number of voxels of 2 Â 2 Â 2 mm size.
Relationship between age and sexual brain Y Seo et al
Our correlation analysis showed that subjective sexual desire did not differ based on age despite differences in brain activation in sexually healthy men. One possible explanation is that possibly less activation of insula in older age is compensated for by the facilitation of visual emotional processes in brain regions that include the right amygdala. Another explanation is that the subjects' reported sexual desire may be referred to a motivational component rather than to emotional (for example, the amygdala), cognitive (for example, the right inferior frontal gyrus) or autonomic (for example, the insula) components of the neurobehavioral model of brain processes related to sexual arousal.
This study has several limitations. The contrast of ERO versus HA might still include various confounding factors, which include the contrast of naked versus dressed or the difference in individual preferences to stimulus type, such as visual or tactile. The three repetitions of the same condition block in our experimental design may be problematic. However, we believe that the possible influence of an erotic block on a subsequent happy-faced block could be more problematic than the influence of repetition of the same condition block, as in our experimental design. One study reported that the sexually active life expectancy was 34.7 years for men at age 30 years and 14.9 to 15.3 years for men at age 55 years. 27 To clarify the assumptions regarding the role of age, further studies including subjects older than about 65 years of age are needed. Further studies with women or both genders are also needed to generalize our results.
Considering the above statements and our findings, getting older might be related to a functional change in some brain regions in young, sexually healthy men, although their subjective sexual desire did not differ based on age. The age-related functional changes consisted of the decline in interoceptive sensation, the decrement of prefrontal inhibition to amygdalar response and the increment in the early processing of visual emotional stimuli. Our study suggested that these functional changes are related to one another. To explore their causal relationships, however, effective connectivity analysis should be performed using fMRI data with high temporal resolution in future studies.
